p120ctn, an Armadillo protein and component of the cadherin adhesion complex, has recently been found to induce a dendritic morphology by regulating Rho family GTPases.
Introduction
p120 catenin (p120ctn) is a member of the armadillo family of proteins and localizes to intercellular junctions and the nucleus (1) . In epithelial cells p120ctn localizes to adherens junctions by binding to the juxtamembrane domain of E-cadherin (2) (3) (4) (5) (6) . In contrast to β-and γ-catenin, which act via α-catenin to link the E-cadherin complex to actin filaments, p120ctn does not appear to be involved in anchoring the E-cadherin complex to the actin cytoskeleton. Recently, p120ctn has been shown to have a supporting (7) but not essential role in Drosophila E-cadherin-mediated adhesion (7, 8) . It is nevertheless believed that p120ctn is important for proper E-cadherin-mediated adhesion in mammalian cells, although whether it acts positively (9,10) or negatively (11, 12) to regulate E-cadherin clustering is not clear. p120ctn-binding may also have a stabilizing effect on the E-cadherin protein (13) , possibly by preventing its ubiquitination and proteasomal degradation (14) . p120ctn was originally identified as a Src tyrosine kinase substrate (15) and the Src phosphorylation sites have recently been mapped (16) . Tyrosine phosphorylation has been suggested to increase the affinity of p120ctn for cadherins (17, 18) but the exact influence of tyrosine phosphorylation on p120ctn is unknown. p120ctn is also phosphorylated on a number of serine/threonine residues (12, (19) (20) (21) (22) . The serine/threonine phosphorylation state of p120ctn correlates with its intracellular localization. Membrane-associated, E-cadherin-bound p120ctn is highly phosphorylated, whereas cytoplasmic p120ctn shows much reduced phosphorylation levels (10) , suggesting that p120ctn is phosphorylated by membrane-associated kinases. Serine phosphorylation events within the N-terminus of p120ctn have been suggested to regulate E-cadherin clustering (12) .
In E-cadherin-deficient cancer cell lines, p120ctn is frequently observed in the nucleus (23) where it may interact with the transcription factor Kaiso (24) .
Matrilysin/MMP7, a matrix metalloproteinase, has been implicated as a target gene for Kaiso (25) , but the significance of the p120ctn/Kaiso interaction remains to be established.
In addition to its role in cadherin-mediated adhesion, p120ctn has recently been found to be a regulator of Rho family GTPases (26) , key players in coordinating a variety of cellular processes, including cell polarity, cell migration and cell adhesion (27) .
Overexpression of p120ctn in fibroblasts induces a so-called "dendritic morphology", characterized by the extension of branching dendrite-like protrusions (5) . The induction of a dendritic morphology by p120ctn involves inhibition of RhoA (28) and activation of Rac and Cdc42 (29, 30) . p120ctn might inhibit RhoA via a direct interaction (28) , whereas the activation of Rac and Cdc42 has been suggested to occur via binding of the guanine nucleotide exchange factor Vav2 (30) . The Arm repeat domain of p120ctn is required for the interaction with E-cadherin (4). There is evidence that the Arm repeat domain is also involved in the inhibition of RhoA (28) , and cadherin-binding and Rho GTPase regulation have been proposed to be mutually exclusive events (30) .
We report here that p120ctn can associate with microtubules and that this requires a basic motif in the Arm repeat domain. Our results with different p120ctn mutants suggest that binding of p120ctn to microtubules is inversely related to its ability to regulate Rho GTPases.
Experimental procedures
Cell culture MDA-MB-231 and Cos-7 cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% bovine fetal calf serum (FCS), penicillin (100 IU/ml) and streptomycin (100 µg/ml). For NIH 3T3 fibroblasts, FCS was substituted with donor calf serum (DCS). Cells were grown in a humidified atmosphere containing 10% CO 2 (COS-7, NIH 3T3) or 5% CO 2 (MDA-MB-231) and passaged every 3 to 4 days or before reaching confluency.
Antibodies
The following antibodies were used: mouse anti-VSV glycoprotein clone Plasmid construction To introduce a VSV-tag at the C-terminus of p120ctn, p120ctn-GFP (Noren et al., 2000) was digested with BsmBI and EcoRI to yield a 2.4-kb fragment.
Using primers p120VSVF (5' CGC-TGA-GAA-CTT-AGA-AGC-TGC 3') and p120VSVR (5'GCT-AGC-TAG-CAA-TCT-TCT-GCA-TCA-AGG-GTG-CTC-C 3'), the antibodies to the VSV epitope to determine expression levels of the transfected p120ctn.
Band intensities were quantitated using Bio-Rad's Quantity One software. 
Immunohistochemistry and image collection

Results
Specific serine to alanine point mutations in the Arm domain promote association of p120ctn with interphase microtubules
We have recently identified several novel serine phosphorylation sites in p120ctn ( (32) and unpublished data). As part of these studies, a number of candidate serine residues in the N-and C-terminus and in the Arm repeat domain of p120ctn were mutated to alanine residues. We did not detect any serine phosphorylation sites within the Arm repeat domain of p120ctn. However, expression of the constructs in Cos-7 cells showed that showing a low level of AAA-p120ctn expression, the staining for p120ctn along microtubules was not evenly distributed but was concentrated in distinctive puncta ( Figure 1B) . The association of AAA-p120ctn with microtubules is likely to be indirect, as it did not co-immunoprecipitate with α-or β-tubulin nor was it enriched in a detergentinsoluble microtubule-containing cell fraction (data not shown).
AAA-p120ctn and endogenous p120ctn localize to centrosomes and the mitotic spindle during mitosis
Association of AAA-p120ctn with tubulin-containing structures was not restricted to interphase microtubules. In Cos-7 cells, AAA-p120ctn localized to both the mitotic spindle and to centrosomes during mitosis ( Figure 2A ). Most of the exogenous p120ctn appeared to be associated with the mitotic spindle but a fraction of mutant p120ctn
showed a punctate localization around the circumference of the cell. In contrast to the clear localization to the two mitotic centrosomes, AAA-p120ctn could never be detected at the single interphase centrosome, suggesting that the association of p120ctn with centrosomes occurs exclusively during mitosis. Consistent with this observation, a fraction of endogenous p120ctn was detected at centrosomes or the pericentrosomal region in the breast cancer cell line MDA-MB-231 cells during mitosis ( Figure 2B ). The recruitment of endogenous p120ctn to the centrosomes in these cells suggests a physiological role for the interaction of p120ctn with tubulin-containing structures during cell division. During interphase, no clearly defined centrosomes could be identified in these cells by γ-tubulin staining. It was therefore not possible to establish whether the p120ctn/centrosome association also occurs in interphase. Localization of endogenous p120ctn to centrosomes was not observed in Cos-7 or NIH 3T3 cells, possibly because the expression level of p120ctn in these cells is too low to allow detection of a centrosome-associated pool.
Association of p120ctn with microtubules leads to their stabilization
p120ctn association with microtubules changed their morphology: they formed long, thick and curly bundles and were in some cases arranged in circles around the nucleus ( Figure 1A ). This is in contrast with typical interphase microtubules in fibroblasts, which originate from the MTOC and extend their (+) ends towards the plasma membrane.
Microtubule bundling into large multi-filament structures has been linked to microtubule may stabilize microtubules exclusively in these extensions.
AAA-p120ctn does not induce a dendritic morphology or activate Rac1
Overexpression of wild-type p120ctn is known to induce extension of protrusions (dendritic morphology) (5). In contrast, AAA-p120ctn did not stimulate branching in
Cos-7 cells ( Figure 1A) . Rather, cells expressing AAA-p120ctn appeared to be more spread than untransfected cells. The p120ctn-induced dendritic morphology is especially prominent in NIH 3T3 fibroblasts (5), and this cell line was therefore chosen to quantitate the ability of wild-type and AAA-p120ctn to induce dendritic extensions. In preliminary experiments VSV-tagged p120ctn was found to be more potent in eliciting a dendritic morphology than p120ctn-GFP, although p120ctn-VSV and p120ctn-GFP showed the same intracellular distribution (data not shown). Consequently, wild-type p120ctn-VSV and AAA-p120ctn-VSV constructs were used to quantitate morphological responses.
Overexpression of wild-type p120ctn-VSV induced a dendritic morphology in more than 70% of transfected cells ( Figure 4B ). The cell body was highly constricted around the nucleus and cells showed a number of long protrusions, some of which extended for more than twenty times the cell body. The ends of the extensions often showed extensive arborisation reminiscent of dendritic spines. In contrast, AAA-p120ctn-VSV caused branching in less then 10% of transfected cells, those extensions that formed were short, and the cells appeared spread out ( Figure 4A ).
Overexpression of p120ctn in fibroblasts activates Rac and Cdc42 (29, 30) .
Active Rac1 and Cdc42 are required for the p120ctn-induced branching: coexpressing dominant-negative versions of Rac1 or Cdc42 with p120ctn efficiently blocks branching (29, 30) . To determine whether the reason for the failure of AAA-p120ctn to induce branching is the loss of its ability to activate Rac1, Rac pulldown experiments were performed (36) . NIH 3T3 cells were transiently transfected with either wild-type p120ctn-VSV, AAA-p120ctn-VSV or with empty vector as a control. In a parallel transfection of p120ctn-GFP, the transfection efficiency was estimated to be between 50 and 70%. The pulldown experiments showed that wild-type p120ctn increased the levels of active Rac1 in the cells more than 2-fold ( Figure 5A and B) . AAA-p120ctn, however, did not raise active Rac1 levels significantly above the levels obtained when vector alone was transfected. Because of the level of transfection efficiency, the true level of Rac1 activation in response to wild-type p120ctn expression is underestimated in the pulldown experiments, which measure active Rac1 levels averaged over both transfected and untransfected cells. However, the difference in Rac1 activity between wild-type p120ctn
and AAA-p120ctn-transfected cells was statistically highly significant (P<0.01). These results suggest that mutant, microtubule-associated p120ctn fails to induce branching because it is unable to activate Rac1.
Deletion of a basic motif in the Arm repeat domain of AAA-p120ctn prevents microtubule association and induction of the dendritic morphology
Association of AAA-p120ctn with microtubules coincided with the inability of this mutant to induce a dendritic morphology. To clarify further the relationship between microtubule binding and the dendritic morphology, we attempted to identify a region in p120ctn required for both functions. A cluster of lysines between p120ctn amino acids 622 to 628 (KKGKGKK), situated on a looped-out structure within Arm repeat 6 (1), has been shown to be required for p120ctn to induce a dendritic morphology in NIH 3T3 
Discussion
p120ctn is known to associate with adherens junctions, regulate the activity of Rho
GTPases and under some conditions translocate to the nucleus, but its association with microtubules has not previously been reported. We report here that p120ctn localization to microtubules is promoted by mutating three serines to alanines in the Arm repeat domain, and is also dependent on a lysine-rich motif. Binding of p120ctn to microtubules and its ability to activate Rac and induce a dendritic morphology are mutually exclusive.
The serines 538/539 and 587 mutated to alanines in AAA-p120ctn are highly conserved in p120ctn family members. In other Arm repeats of p120ctn, the consensus residue at the equivalent position is either serine or alanine (1), indicating that alanine residues at these positions are compatible with Arm repeat folding. The increased association of AAA-p120ctn with microtubules may reflect a structural change in the Arm repeat domain so that a microtubule-binding motif, such as the KKGKGKK motif between amino acids 622 and 628, is now more exposed. Alternatively, it is possible that the serines are phosphorylation sites, and that their phosphorylation reduces microtubule binding. Introduction of alanines at these sites would then prevent phosphorylation and microtubule dissociation. However, so far we have no evidence that these serines are phosphorylated, either from mass spectrometry (32) or from use of phospho-specific antibodies (unpublished data).
The observations that AAA-p120ctn localizes to the mitotic spindle and centrosomes and that endogenous p120ctn can localize to the pericentrosomal region during mitosis suggests that it might regulate microtubule organization around the centrosome. Drosophila melanogaster APC2 and armadillo have been shown to be required for anchoring the mitotic spindle to cortical actin (37, 38) . AAA-p120ctn
showed some punctate localization around the cell cortex during mitosis and could similarly be involved in anchoring astral spindle microtubules to the cortex.
Interestingly, p120ctn is the only known component of the E-cadherin complex to undergo a change in its phosphorylation state during mitosis (39), consistent with it playing a role in spindle organization.
AAA-p120ctn occasionally showed a punctate localization along microtubules, similar to that observed for proteins or vesicles that interact with microtubules via motor proteins such as kinesins or dyneins. It is therefore possible that p120ctn is transported actively along microtubules. In agreement with our results, p120ctn has recently been reported to localize to perinuclear microtubules in cadherin-deficient cell lines and this has been suggested to involve association with kinesin (31). Other Arm repeat proteins have been shown to bind to motor proteins: β-catenin interacts with the motor protein dynein (40), whereas APC travels along microtubules by binding to kinesin superfamily proteins (41).
The inability of AAA-p120ctn to induce a dendritic morphology correlated with its lack of effect on Rac1 activity, suggesting that microtubule association and Rac1 activation are inversely related functions of p120ctn. p120ctn has been proposed to regulate Rho GTPases in at least two different ways: it inhibits RhoA via a direct interaction (28) and it activates Rac and Cdc42 via the exchange factor Vav2 (30) . Both the activation of Rac/Cdc42 and the inhibition of RhoA are required for p120ctn to induce the dendritic morphology (28) (29) (30) . However, expression of constitutively active Rac1 or Cdc42 alone is not sufficient to induce the dendritic morphology, possibly because they need to cycle between active and inactive forms to stimulate extension (42) .
In contrast, inhibition of RhoA or its target ROCK is sufficient to induce neurite outgrowth and branching (43, 44) . Given that the activity levels of Rac and RhoA are usually inversely related, that increased Rac activity leads to decreased RhoA activity (45, 46) , and inhibition of RhoA signalling can induce an increase in Rac activity (47), p120ctn could affect the activities of both Rho and Rac by directly affecting the activity of only one. Interestingly, the basic motif KKGKGKK between amino acids 622 and 628, which we found to be required for p120ctn to associate with microtubules, is also required for the inhibitory effect of p120ctn on LPA-induced RhoA activity (28) .
Because p120ctn uses the same motif to bind to microtubules and to inhibit RhoA, microtubule association could lead to RhoA displacement and termination of the inhibitory effect on RhoA, and consequently to a decrease in Rac1 activity. (1) and has been proposed to be a nuclear localization signal (50) . We observed nuclear localization of ∆K-mutants in some transfected cells, though the nuclear localization of ∆K-mutants was much reduced compared to wild-type or AAA-p120ctn (unpublished data). The association of p120ctn with the microtubule network has recently been suggested to counteract nuclear import of p120ctn (31) . In contrast, our data indicates (51,52). In addition, microtubules become stabilized during neurite outgrowth, correlating with an increase in their acetylation (53) (54) (55) . The combined abilities of p120ctn to stabilize microtubules, regulate Rho GTPases and induce a dendritic phenotype make it a prime candidate for playing an important role in promoting neurite outgrowth. In support of this idea, p120ctn localizes to growth cones and to dendritic spines in cultured hippocampal neurons and its expression is increased during rat brain development (56) and to neurites containing acetylated tubulin in NGFtreated PC12 neuronal cells (our unpublished data). NPRAP/δ-catenin, a closely related neuronal member of the p120ctn family, has recently been shown to enhance dendritic morphogenesis in primary hippocampal neurons and to induce dendrite-like processes in 3T3 fibroblasts, activities which required the stabilization of microtubules (57, 58) .
Similarly, overexpression of p120ctn induces extensive dendritic extensions in PC12 cells (our unpublished data). The dendritic morphology observed in p120ctn-overexpressing fibroblasts could therefore reflect a physiological function for p120ctn in neurons, where it would promote neurite outgrowth by stabilizing microtubules and regulating Rho GTPases. 
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